We report on third-harmonic generation (THG) of biomolecular solutions at the fluid/glass interface as a means to probe resonant contributions to their nonlinear absorption spectra that could serve as contrast mechanisms for functional imaging. Our source was 100 fs laser pulses whose center wavelength varied from 760 to 1000 nm. We find evidence of a two-photon resonance in the ratio of third-order susceptibilities, sample ͑3͒ ͑3͒ / glass ͑3͒ , for aqueous solutions of Rhodamine B, Fura-2, and hemoglobin and a three-photon resonance in sample ͑3͒ ͑3͒ / glass
INTRODUCTION
The nonlinear spectroscopy of fluids has assumed new relevance with the advent and proliferation of nonlinear microscopies. 1 In these techniques, an ultrashort pulse of laser light is tightly focused into a material so that optical excitation is confined to a focus where the photon flux is highest. This provides intrinsic three-dimensional optical sectioning for two-photon laser scanning microscopy, [2] [3] [4] second-harmonic generation, 5 three-photon laser scanning microscopy, [6] [7] [8] [9] and third-harmonic generation [10] [11] [12] [13] [14] (THG). Whereas contrast in two-photon and three-photon scanning microscopy is typically achieved through the use of fluorescent indicators, contrast in harmonic generation relies almost exclusively on intrinsic chromophores. A priori, THG will depend directly on one-, two-, and threephoton absorption resonances 15 and thus may be expected to report changes in the function properties of biologically active molecules. An understanding of the nonlinear resonant properties is of further importance as a means to indicate pathways for phototoxicity and shadowing by multiphoton absorption.
Under tight focusing conditions, the extent of THG in-creases dramatically when the focus spans an interface between two optically different materials. 10, 16 This allows imaging based on THG to resolve otherwise transparent interfaces and inhomogeneities within the resolution of the confocal parameter and without the use of dyes. 11, 13, [17] [18] [19] Mitochondria, 20 red blood cells, 21, 22 embryonic development, 18, 23 neurons, 13 plasma flows, 24, 25 muscle fibers, 26 and skin biopsy samples 27 have been visualized in this manner. Third-harmonic imaging contrast has also been linked to the density of optical solids, 24 the aggregation state of polymers, [28] [29] [30] and the concentration of intracellular calcium in cultured human glial cells. 31 Finally, a near-field THG scanning imaging study of a dried red blood cell by Schaller et al. 22 qualitatively showed that their image contrast was best when their excitation beam was spectrally tuned near an anticipated three-photon resonance in hemoglobin. This past work motivates the need for a systematic study of possible functional THG signals.
Beyond issues of imaging, nonlinear optical spectroscopy per se provides insight into the structure and electronic properties of materials that is complementary to that provided by linear spectroscopy. [32] [33] [34] [35] [36] [37] [38] Over the past two decades, THG has emerged as a useful nonlinear spectroscopy tool [39] [40] [41] [42] [43] that has been widely used to identify two-and three-photon resonances in solids and thin films. 29, 35, 37, 38, [44] [45] [46] [47] [48] In addition, this work indicates a sensitive THG dependence on the molecular structures and interactions of solutes and solvents. [49] [50] [51] Here we report on THG at the solution/glass interface as a means to explore the contribution of electronic resonances to THG spectra of solution-phase biocompounds. We first consider several model solutions with known oneand two-photon absorption spectra as a means to calibrate our methodology. [52] [53] [54] [55] We then focus on physiological solutions of bovine serum albumin (BSA) as well as different ligation states of hemoglobin, i.e., oxyhemoglobin, carboxyhemoglobin, and deoxyhemoglobin. Serum albumin and hemoglobin are the primary constituents of blood plasma and red blood cells, respectively, and have been the subjects of extensive study. Hemoglobin also has distinct changes in its linear spectrum between ligated and nonligated states 56 that are expected to be reflected in THG.
THEORY
THG is the coherent conversion of light with frequency into light with frequency 3, i.e., wavelength /3, in a material that undergoes intense irradiation. It involves the absorption of three identical photons of energy ប and the emission of a single photon of energy 3 ប within the temporal uncertainty interval of −1 ϳ 10 −16 s. The resultant light propagates in the forward direction. A material's susceptibility to a given nonlinear conversion process is described by the susceptibility tensors, ͑n͒ , that relate the polarization field, denoted P, induced in the material to the electric field, denoted E, of the incident photon. Of the 81 independent elements included in the third-order nonlinear susceptibility tensor ijkl ͑3͒ ͑ i , j , k , l ͒, we are interested only in the terms associated with a uniformly polarized, single-frequency excitation field, i.e., j = k = l . This allows the fourth-rank tensor status of the susceptibility tensor to be suppressed and the THG polarization field P ͑3͒ ͑3͒ to be expressed as
In a solution or other isotropic media, the measured value for ͑3͒ ͑3͒ is averaged over orientation and equal to 1 3 ͓ xxxx ͑3͒ ͑3͒ + yyyy ͑3͒ ͑3͒ + zzzz ͑3͒ ͑3͔͒. The susceptibility ͑3͒ ͑3͒ is the term we seek to measure.
A. Resonant Enhancement
The underlying molecules that facilitate THG need not have real states available whose excitation energy corresponds to the incident photon energy or any multiple thereof. However, the THG process is resonantly enhanced if real energy levels are present at the fundamental ͑͒, second-harmonic ͑2͒, or third-harmonic ͑3͒ frequency. Thus the third-order susceptibility tensor may be dominated by either resonant or nonresonant mechanisms, which makes it convenient to write
͑3͒. ͑2͒
Under the assumption that all molecules are in the electronic ground state prior to excitation, the resonance term generated in a perturbation expansion is
͑3͒
where N is the number of molecules and the indices refer to different electronic states, j0 is the electric dipole transition moment between the jth state and the ground state, ␥ j0 is the phenomenological damping coefficient that is inversely proportional to the decay rate from the jth state to the ground state, ប j0 is the energy difference between the jth state and the ground state, and the j0 , k0 , and l0 correspond to one-, two-, and threephoton resonances, respectively. The intermediate states are those closest to multiples of the incident photon energy, ប, and the energies of the various states satisfy the relation ប l0 ജ ប k0 ജ ប j0 . Resonance occurs as j0 → , k0 → 2, or l0 → 3 and can significantly increase the magnitude of the susceptibility. 17, 57 Implicit in this formalism is the notion that all photons in the excitation field have the same polarization, or parity, as well as energy.
One-and Three-Photon Resonances
The selection rules, based on conservation of parity, for enhancement by a single-photon resonance also apply to enhancement by a three-photon resonance. Thus the presence of peaks in the linear absorption spectrum of the solution, at frequencies and 3, is a good indication of whether such resonances are likely to be involved in THG [Eq. 3] . It is important to note that such resonant enhancement may be self-limiting in thick samples. When one-and three-photon resonances are strong, one-and three-photon absorption by the material will deplete the incoming fundamental and outgoing third-harmonic waves, respectively.
Two-Photon Resonance
Two-photon absorption is an even-parity process, whereas, as above, linear absorption is an odd-parity process. Although parity selection rules are relaxed in noncentrosymmetric molecules, the two-photon resonant absorption remains difficult to predict on the basis of peaks in the linear absorption spectra at frequency 2. However, parity selection rules are expected to relax in larger molecules. 58 As two-photon absorption does not involve energy levels that have allowed single-photon transitions with the ground state, two-photon resonance can lead to enhancements of the susceptibility without a significant loss of optical power. Further, two-photon resonance is not likely to affect the index of refraction and thus the phase matching of a given nonlinear process. 17 
Nonresonant Contributions

B. Microspectroscopy
The third-harmonic intensity that is generated from an axially symmetric material with susceptibility ͑3͒ ͑3͒ when irradiated by a tightly focused Gaussian beam, denoted P͑3͒, is
where C͑͒ is a formulation of prefactors that depend on the geometry and efficiency of the collection system but are independent of the sample, P͑͒ is the incident power, b͑͒ is the confocal parameter, and the integration is over the normalized distance = z / b with the focus at =0. In diffraction-limited geometries the confocal parameter is given by
where n͑͒ is the index of refraction and w o is the radius of the beam waist at the focal plane, expressed in terms of the numerical aperture (NA) of the objective. Lastly, the wave-vector mismatch between the excitation and the emitted third-harmonic fields, denoted, ⌬, is
Significant generation of THG in the far field occurs when the fundamental field can constructively drive the thirdharmonic field and corresponds to small values of the product b⌬. Under the present conditions of tight focusing, THG is near its maximal value for b⌬ ϳ 1.
Since the elements of the nonlinear susceptibility are generally small in magnitude, e.g., ͑3͒ ͑3͒ϳ10 −14 esu for many solutions and ͑3͒ ͑3͒ϳ10 −17 esu for gases, THG signals from bulk samples tend to be small, 15, 57 i.e., P͑3͒ / P͑͒ϳ10 −8 for incident irradiance of ϳ10 10 W/cm 2 . More significantly, in an isotropic medium, the Gouy phase shift encountered as a light wave traverses the focus causes the THG produced on one side of a focus to destructively interfere with THG produced on the other side and thus cancel the third-harmonic wave in the far-field. 63 However, the cancellation will be imperfect if the optical properties of the sample, i.e., the index of refraction and the nonlinear susceptibility, differ across the focal volume.
10, 15 Tsang 16 and Barad et al. 10 have shown that the far-field third-harmonic intensity can be increased by many orders of magnitude when the focus spans an interface between two optically different materials. This renders THG microscopy particularly sensitive to optical interfaces and inhomogeneities on the spatial scale of the focal volume. 11, 13, [17] [18] [19] It follows from Eq. (7) that the THG intensity from a Gaussian beam focused on a flat interface between two infinite homogeneous slabs of material is
where we have neglected reflection and absorption and make use of the dimensionless phase-matching integral, J͑b⌬͒, defined as
͑11͒
An absolute measurement of ͑3͒ ͑3͒ is complicated by the need to determine the factors in C͑͒. 64, 65 Yet a relative value of ͑3͒ ͑3͒ is often of sufficient utility. In particular, the value of ͑3͒ ͑3͒ for a solution is measured relative to the glass substrate, typically fused silica, that forms the sample container. 15, 52, 54, 66 One implements this paradigm by collecting third-harmonic light both from the interface between the sample solution and the glass, with intensity P͑3͒ solution/glass , and from the interface between the glass and the air, with intensity P͑3͒ glass/air . It follows from Eq. (10) that the ratio of these measurements is ͮ .
͑15͒
Note that the sign of the solvent term has been taken to be negative (Section 4) and the confocal parameter, index and dispersion of the dissolved solute are correctly taken to be the same as the solution, as these are properties of the bulk. The remaining sign ambiguity must be resolved independently.
METHODS
A. Imaging
Our imaging apparatus consists of a laser scanning microscope 68 with the collection of transmitted light for THG imaging and epi-emitted light for simultaneous twophoton-excited fluorescence laser scanning microscopy ( Fig. 1) . The excitation source for imaging was a locally constructed 1.054 m Nd:glass oscillator with an 80 MHz repetition rate and ϳ100 fs duration pulses. We used a 40ϫ 0.65 NA Zeiss excitation objective ͑f =4 mm͒ and a fused-silica collection lens ͑f =6 mm͒. The detectors were Hamamatsu R6357 photomultipliers (PMTs) with quartz windows that were connected to a resistive load and amplified. Colored glass filters (Corning UG-11) were used to block all but the third-harmonic light from reaching the PMT tube. For two-photon-excited fluorescence, bandpass ͑550± 25 nm͒ and colored glass filters (Corning BG-39) were used to block extraneous light.
B. Microspectroscopy
Apparatus and Materials
Spectroscopic measurements were performed without the use of the x-y scan mirrors (Fig. 1 ). The excitation source was a Ti:sapphire oscillator (Mira 900-F with a 10 W Verdi pump, Coherent, Inc., Santa Clara, California) with a 76 MHz repetition rate and ϳ100 fs duration; this Images were collected using a 1.054 m, 100 fs Nd:glass pulsed laser. Spectroscopic measurements were made using a Ti:sapphire laser with 100 fs pulses and wavelengths between 760 and 1000 nm. PD, photodiode; PMT, photomultiplier tube.
source was tuned over a wavelength range of 760 to 1000 nm. We used 40ϫ 0.65 and 0.75 NA Zeiss excitation objectives. The detector was a Hamamatsu R6353 PMT with quartz windows that was connected to a resistive load and amplified. As with imaging, colored glass filters (Corning UG-11) were used to block all but the thirdharmonic light from reaching the PMT tube. For fundamental wavelengths below 810 nm, the colored glass filters were supplemented with a 265 nm bandpass filter.
Our sample containers were microcuvettes (3520; Vitrocom, Mountain Lakes, New Jersey) with flat 200 m thick glass walls (Duran 8340) and a 500 m wide chamber to hold the solution. The Duran 8340 glass has optical properties similar to those of fused silica (Appendix B).
Our samples consisted of deionized water, neat benzene (BX0212-6; Omni Solv, Charlotte, North Carolina), and aqueous solutions of 1 mM Rhodamine B chloride (R-6626; Sigma-Aldrich, St. Louis, Missouri), 0.5 mM solution of Fura-2 pentasodium salt (F-6799; Molecular Probes, Eugene, Oregon) with 3.3 mM ethylene glycol bis(␤-aminoethyl ether)-N,N,NЈ ,NЈ tetra-acetic acid (EDTA) (E-478; Fisher Scientific, Pittsburgh, Pennsylvania), 0.5 mM Cascade-Blue trisodium salt (C-687; Molecular Probes), 0.75 mM BSA (81-066-1; Miles Scientific, Naperville, Illinois), and hemoglobin. The hemoglobin solutions are at physiological concentrations 2 mM ͑ϳ17 g/dL͒ and represent three different ligand-binding states. These include a 98% (v/v) oxyhemoglobin ͑HbO 2 ͒ solution (300881R0; Instrumentation Laboratories, Lexington, Massachusetts), a mixed 60% (v/v) carboxylated and 40% (v/v) oxygenated carboxyhemoglobin (HbCO) solution (300879R0; Instrumentation Laboratories), and a deoxygenated (Hb) solution (Ͼ80% based on spectroscopic measurements) that was formed by bubbling N 2 through the oxyhemoglobin solution.
THG Measurement
We seek to derive the third-order susceptibility ratio of our solution relative to glass, solution ͑3͒ ͑3͒ / glass ͑3͒ ͑3͒, by measuring the ratio of THG power from the solution/glass and glass/air interfaces, i.e., P͑3͒ solution / P͑3͒ glass/air . Measurements were made in a manner similar to the method employed by Barille et al. 52 We scanned through the solution-filled microcuvette along the propagation axis of the incident beam and collected third-harmonic light from both the solution/glass and the glass/air interfaces [ Fig. 2(A) ]. The third-harmonic power, P͑3͒, traces out two bell-shaped profiles as the focus is swept across the two interfaces [ Fig. 2(B) ]. The peak of the profile centered on the lower solution/glass interface corresponds to P͑3͒ solution/glass , and the peak of the profile centered on the bottom of the glass side corresponds to P͑3͒ glass/air [ Fig. 2(B) ]. The half-widths at half-maximum of each profile indicates the extent of the confocal parameter [Eq. (8) ]. 10 The THG signal was averaged over ϳ20 such sweeps. The maximum incident irradiance at the sample was ϳ10 10 W/cm 2 , and the maximum THG efficiency was P͑3͒ / P͑͒ϳ5 ϫ 10 −7 . The measurement of peak third-harmonic power was repeated at different incident powers to form graphs of P solution/glass ͑3͒ and P glass/air ͑3͒ versus the incident power P͑͒ [ Fig. 2(C) ]. The relation between the two measured third-harmonic powers was fit as a cubic function of incident power, i.e., P solution/glass ͑3͒ = ␣ solution/glass P 3 ͑͒ + P dark and P glass/air ͑3͒ = ␣ glass/air P 3 ͑͒ + P dark , where ␣ solution/glass , ␣ glass/air , and P dark are the fit coefficients. The parameter P dark was fit to the two interfaces simultaneously and corrected for dark noise in the PMT. This procedure, as opposed to a measurement of THG at a single Fig. 2 . Third-harmonic spectroscopic measurement procedure applied to deionized water. (A) Close-up of the sample and apparatus. Third-harmonic generated light is collected from both the sample/vessel interface and the vessel/air interface, and their ratio is used to infer sample properties. (B) A THG signal is generated as an interface is scanned through the focus of the beam. The peak of the THG intensity profile is measured for different incident laser powers. The half-width at half-maximum is proportional to the confocal parameter b. (C) The THG intensities from both the sample/vessel interface and the vessel/air interface demonstrate the anticipated cubic dependence on laser power. incident power, increases the signal-to-noise ratio of our measurement. It further minimizes potentially confounding effects that have noncubic scaling with the incident power, such as excited-state absorption and the nonlinear refraction.
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C. Data Reduction
Prior to additional corrections, the ratio of third-harmonic powers is given by R THG ͑͒ = ␣ solution/glass ͑͒ / ␣ giass/air ͑͒. This ratio must be corrected for reflection at interfaces and linear absorption by the glass cuvette.
Linear Absorption
Linear absorption and transmission spectra, between 250 and 1000 nm, of all model solutions were obtained with a Cary 50 (Varian, Palo Alto, California) spectrophotometer. Those for the different ligation states of hemoglobin are taken from published measurements 56 [ Fig. 7(A) ]. The near-infrared absorption spectra of water was further culled from the literature. 69 Duran glass measurements are from the manufacturer's literature (Vitrocom) and corrected to account for reflection at normal incidence by using the Fresnel equation for the reflectivity, r͑͒, i.e.,
and measurements for benzene [ Fig. 10 
Linear Dispersion
Calculation of the reflection coefficients, r͑͒, the diffraction-limited confocal parameter, b͑͒ [Eq. (8)], and the wave-vector mismatch, ⌬͑͒ [expression (9)], depends on prior knowledge of the dispersion of the linear refractive index, n͑͒. Unfortunately, precise refractive index measurements and models do not exist for many materials. This is especially notable at wavelengths shorter than 400 nm, which are important in estimations of ⌬͑͒ and r͑3͒. The uncertainty in ⌬͑͒ is graphically illustrated in the case of benzene [ Fig. 3(A) ], where we plot the results from two dispersion models for benzene (Appendix A), each of which fits all available dispersion data equally well at visible wavelengths but which significantly diverges for ultraviolet wavelengths.
Confocal Parameter
The confocal parameter, b͑͒, can be measured directly from the axial extent of the THG profile [ Fig. 2 (B)] 10 as noted above. In diffraction-limited geometries, where the linear dispersion of the sample is known, the confocal parameter can be calculated with Eq. (8) . We use both approaches and note that diffraction-limited THG measurements can simultaneously be used as a means to independently measure the linear index through this correspondence. Typical confocal parameters for this experiment were between 5 and 7 m.
Volume Fractions
Calculation of the susceptibility ratio [Eq. (15) ] for the case of solutions requires an estimate of the hydrated volume fraction of the solute under study. The volume of the hydrated complex is relevant because the electronic interaction between solute and solvent is integral to the solution's nonlinear optical properties. 49, 50, [73] [74] [75] Thus we are essentially interested in measuring the susceptibility of the solvated complex.
As a means to estimate the hydrodynamic volume of Rhodamine B in water, and thus the volume fraction of solvated Rhodamine B chloride in a 1 mM aqueous solution, we make use of the rotational relaxation time of Rhodamine B in solution 74 and approaches based on functional groups. 76, 77 We note that close to 50% (w/v) of the Rhodamine B may be dimerized at a concentration of 1 mM. 78, 79 We use this estimate for Rhodamine B and the ratios of volume estimates from functional group-based approaches 76, 77 to calculate the hydrated volume fraction of Fura-2 dye in a 0.5 mM aqueous solution. Literature measurements also contribute to our volume fraction estimates of BSA and hemoglobin solutions.
80,81
Corrected Ratio of THG Power
The corrected, fitted ratio of THG power is
͑17͒
This measure controls for linear absorption, reflections, and some of the intercapillary and intersample variation and mitigates drift in laser parameters and sample orientation. The susceptibility ratio for solvents [Eq. (14) accounts for the possibility of changes in the confocal parameter of the glass at the two interfaces due to aberrations and the coefficient
accounts for reflections at the interfaces of the cuvette. The former term is typically unity but in some experiments was found to be close to 0.8 while the latter term is greater than 0.9. The phase integral J͑b⌬͒ [Eq. (11)] can be numerically evaluated 25, 52 as a function of the product b⌬ [ Fig. 3(B) ]. Lastly, for the case of a solution, the corrected susceptibility expression [Eq. (15) 
͑21͒
with ␤͑͒ and ͑͒ given above [Eqs. (19) and (20)].
EXPERIMENTAL RESULTS
We consider first the image formation characteristics of THG solely as motivation for our spectroscopic studies. We then consider a systematic study of model solutions, i.e., water, benzene, Rhodamine B, Fura-2, and BSA solutions, followed by different function states of hemoglobin in solution, i.e., oxy-, carboxy-, and deoxyhemoglobin solutions. In all cases, the above theoretical framework is used to interpret our measurements of THG intensity, P͑3͒, in terms of the third-order nonlinear susceptibility ͑3͒ ͑3͒. As motivation for our studies on the THG by hemoglobin, we applied THG imaging to human red blood cells in solution without the use of dyes. A maximal projection 
A. THG Imaging
B. Microspectroscopy
We now turn to quantitative spectroscopy of model compounds and hemoglobin in solution. We report our measurements in terms of the corrected and fitted ratio of third-harmonic power at the solution/glass interface relative to that at the glass/air interface [Eq. (17)]. These are used, when appropriate, to derive the corresponding ratio of susceptibilities [Eqs. (18) and (19)]. A discussion of the uncertainty in all terms is presented toward the end of this subsection.
Model Solvents
Measurements of THG at the water/glass interface relative to the glass/air interface show that R THG ͑͒, the ratio of third-harmonic powers [Eq. (17) is expected to be less than 4%.
The third-harmonic spectrum of benzene is essentially constant over the range of measured wavelengths [Figs. 5(B) and 5͑BЈ͒], consistent with an absence of one-and two-photon resonances over the range of our measurements. The third-harmonic spectrum does not reflect the long wavelength tail of the ultraviolet absorption band in benzene that, in principle, could contribute to a threephoton resonance; this suggests that the dominant contribution to ͑3͒ ͑3͒ of benzene is nonresonant. The sign ambiguity in the estimate of benzene
͑3͒
͑3͒ / glass ͑3͒ [Eqs. (18) and (19)] is resolved to be positive on the basis of two consid- Fig. 5 . Third-harmonic spectra of water and benzene; each datum is the mean ± standard error ͑±SE͒. Linear absorption spectra between 250 to 1000 nm were obtained with a Cary 50 spectrophotometer. (A) The third-harmonic intensity ratio, R THG ͑͒, of deionized water. The term R THG ͑͒ is the ratio of the cubic-fit coefficients of the sample/vessel interface to that of the vessel/air interface and is related to the ratio of the third-order susceptibility ratio by Eq. (18) . ͑AЈ͒. We show the derived third-order susceptibility ratio of water and glass, H 2 O ͑3͒ ͑3͒ / glass ͑3͒ (black arrow and left scale), and the linear absorption of water at the fundamental wavelength (gray arrow and right scale). The correspondence between the THG and the linear absorption spectrum indicates a one-photon resonant enhancement; see inset energy diagram (B) The third-harmonic intensity ratio, R THG ͑͒, of neat benzene. ͑BЈ͒ The calculated third-order susceptibility ratio of benzene and glass is relatively constant, suggesting that the dominant contribution to ͑3͒ ͑3͒ of benzene is nonresonant.
erations. First, the hyperpolarizabilities associated with double bonds between carbon atoms in benzene are anticipated to lead to much larger ͑3͒ ͑3͒ values for this molecule than for distilled water. 51, 82, 83 Second, a choice of the negative root in Eq. (14) leads to comparable values for ͑3͒ ͑3͒ in water and benzene over the range of 875 to 950 nm. The systematic uncertainty in the susceptibility ratio of benzene is ϳ17%. ͑3͒ / glass ͑3͒ , and the two-photon action cross section. 84 The correspondence between the THG and two-photon action indicates a strong two-photon resonant enhancement in Rhodamine B below 850 nm. (B) The third-harmonic intensity ratio, R THG ͑͒, of an aqueous solution of 0.5 mM Fura-2. ͑BЈ͒ The third-order susceptibility ratio of Fura-2, Fura-2
͑3͒ / glass ͑3͒ , and the twophoton action cross section [85] [86] [87] track each other, indicating a two-photon resonant enhancement. (C) The third-harmonic intensity ratio, R THG ͑͒, of a 0.75 mM solution of BSA. ͑CЈ͒ The calculated third-order susceptibility ratio of BSA and glass, BSA ͑3͒ ͑3͒ / glass ͑3͒ suggests that ͑3͒ ͑3͒ for BSA has a three-photon resonant enhancement from 750 to 850 nm. We display the linear absorption of BSA over the region relevant to three-photon resonance. (21)] is easily resolved if we assume that the susceptibility of the Rhodamine B solution is greater than that of pure water. We use Eqs. (21) through (18) to find Rhodamine ͑3͒ ͑3͒ / glass ͑3͒ and note that it mirrors the two-photon-excited fluorescent cross-section measurements 84 in Rhodamine B;
Aqueous Solutions
this suggests the presence of a strong two-photon resonance [ Fig. 6͑AЈ͒ ]. The systematic error introduced into Rhodamine ͑3͒ ͑3͒ / glass ͑3͒ by our estimate of volume fraction, = 0.0004, is ϳ50% [Eq. (15)]. The third-harmonic spectrum of a solution of 0.5 mM Fura-2 pentasodium salt and 3.3 mM EGTA shows a sharp decrease with increasing wavelength with a break in the slope at a wavelength of 800 nm [ Fig. 5(C) ]. Unlike the case of Rhodamine B, the R THG ͑͒ solvent background is a 3.3 mM EGTA solution (data not shown). We resolve the sign ambiguity in the estimate of Fura-2
͑3͒
͑3͒ / glass
[Eq. (21)] by assuming that the susceptibility of the dye solution is greater than that of water alone. Our estimate of the volume fraction of the hydrated Fura-2 complex at ϳ0.07% introduces an ϳ70% systematic error in our derived value of Fura-2
͑3͒ / glass ͑3͒ . The susceptibility ratio,
shows a spectral profile similar to the measured [85] [86] [87] two-photon-excited fluorescent cross section of Fura-2 [ Fig. 6͑BЈ͒ ]. This suggests a strong twophoton resonance.
The THG spectrum of a 0.75 mM solution of BSA also shows a decrease with increasing wavelength [ Fig. 6(C) ]. The sign ambiguity in the estimate of BSA ͑3͒ ͑3͒ / glass ͑3͒ [Eq.
(21)] is resolved if we assume that the susceptibility of the albumin is enhanced by a three-photon resonance in the linear absorption spectrum of albumin [ Fig. 6͑CЈ͒ ]. Dispersion and volume fraction uncertainties result in a less than 12% systematic uncertainty in our value for BSA ͑3͒ ͑3͒ / glass ͑3͒ .
Hemoglobin Solutions
The linear absorption spectrum of hemoglobin shows a prominent Soret absorption band that peaks near a wavelength of 420 nm [ Fig. 7(A) ; central gray]. The corresponding dip in the measured value of R THG ͑͒ of these solutions (Fig. 8) is highly suggestive of a two-photon resonance. We use this correspondence to resolve the sign ambiguity in Eq. (21) . We use the refractive index estimate of oxyhemoglobin [ Fig. 7(B) ; see Appendix A for derivation] to estimate the wave-vector mismatch [expression (9) ]. We estimate that the volume fraction of hemoglobin in a 2 mM solution to be ϳ12% for the various hemoglobin solutions 80, 81 and estimate that this introduces a systematic error of ϳ6.5% in our susceptibility ratios O 2 −Hb ͑3͒ ͑3͒ / glass ͑3͒ . An unaccounted-for feature at long wavelengths may reflect the additional involvement of a three-photon resonance [left-hand gray band in Fig. 7(A) ] or the solvent.
Uncertainty
The standard deviation of the measured peak THG power was between 1.5% and 5.5% of the peak value across the wavelength range of 760 to 1000 nm, with the exact percentage dependent on the incident power, the interface, and the sample. The uncertainties in the cubic fits of the peak THG power led to uncertainties as high as 6% in the value of R THG ͑͒ [Eq. (17) (Figs. 5, 6 , and 8). They result from an average over two to five estimates of R THG ͑͒; we recall that each estimate involves the ratio of cubic equation fits through six to ten data points for both solution/glass and glass/air interfaces [ Fig. 2(C) ]. The SE are of the same order as uncertainties in absolute measurements of the susceptibility in glass. 65 Additional, systematic uncertainties in the susceptibility ratios (Tables 1 and 2 Fig. 7(B) ] is approximated by numerical formulas (Appendix A). The uncertainty in the values of the susceptibility ratio introduced by these approximations is maximal at the blue side of the spectrum, where there are few published measurements of the refractive index to constrain models (Appendix A). At an excitation wavelength of 750 nm, we es- The correspondence between the derived third-order susceptibility ratio of oxyhemoglobin, HbO 2 ͑3͒ ͑3͒ / glass ͑3͒ , and the linear absorption from 375 to 500 nm indicates a two-photon resonant enhancement. (B) We show the third-harmonic intensity ratio, R THG ͑͒, of a 2 mM, 60% (v/v) carboxylated hemoglobin solution. ͑BЈ͒ The derived third-order susceptibility ratio of 60% (v/v) carboxyhemoglobin, HbCO
͑3͒
͑3͒ / glass ͑3͒ , and the linear absorption in the two-photon resonance range suggest a two-photon resonant enhancement. (C) The third-harmonic intensity ratio, R THG ͑͒, of a 2 mM, ϳ95% (v/v) deoxygenated hemoglobin solution. ͑CЈ͒ The calculated third-order susceptibility ratio of deoxyhemoglobin and glass, Hb ͑3͒ ͑3͒ / glass ͑3͒ , and the linear absorption of deoxyhemoglobin in the two-photon absorption regime.
timate that the uncertainty in solution
͑3͒ / glass ͑3͒ ͑3͒ that results from uncertainty in the linear dispersion is Ͻ3%, ϳ17%, Ͻ1%, Ͻ5%, and Ͻ5% for Duran 8340, benzene, water, BSA, and hemoglobin, respectively (Table 1) . A second source of uncertainty in the susceptibility ratios concerns the volume of solution [Eqs. (15) and (21)] occupied by the solvated form of Rhodamine B, Fura-2, BSA, and hemoglobin in 1, 0.5, 0.75, and 2 mM solutions that is estimated to be 0.04%, 0.07%, 7%, and 12%, respectively. Uncertainties in the volume fraction estimates dominate the systematic uncertainty in the derived susceptibility ratios for these solutions (Table 2) . This large uncertainty in values gleaned from the literature is due in part to the presence of a substrate where adsorption may play a role.
73,92-96
Spectral Discrimination of Hemoglobin Ligand States
The final issue concerns the ability to discriminate among the three ligation states of hemoglobin on the basis of their relative THG spectra, R THG ͑͒. In principle, this can be accomplished wherever the spectra do not intercept. However, for the signal-to-noise ratios achieved in our measurements, we could distinguish among all three states (95% confidence level) in a 20 nm wide band only near a center wavelength of 960 nm (Fig. 9) . At other center wavelengths, two of the three possible states could be distinguished (Fig. 9) .
DISCUSSION
We confirm that far-field THG is significantly enhanced when the focal volume is bisected by an optical interface 11, 13, [17] [18] [19] (Fig. 4) . We use this phenomenon to investigate the nonlinear spectra of solutions over the wavelength range of 750 to 1000 nm by collecting THG from the interface of sample solutions and their glass containers 52, 54 (Fig. 2) . The susceptibility ratio of pure so-
, is inferred from power-dependent measurements of the THG from the solution/glass and glass/air interfaces. 11, 52, 54 This calculation requires sample-specific models of linear dispersion [ Fig. 7(B) ], which we generate and collate in Appendix A. We further derive the susceptibility ratios of hydrated solutes, solute ͑3͒ ͑3͒ / glass ͑3͒ , from THG measurements on solutions, by subtracting the THG due to the solvent from the total THG from the solution [Eqs. (15) and (21) ͑3͒, of the sample (Appendix B). To evaluate the accuracy of our spectroscopic approach in pure solutions, we compare our measured values of the nonlinear susceptibility ratio of deionized water and benzene with measurements in the literature 52, 54, 55, 66, 67 (Fig.  10) . Most literature measurements are made relative to fused silica ͑SiO 2 ͒, so an accurate comparison with our results requires that we first scale our results by the ratio of the susceptibility of our Duran glass to that of SiO 2 . This scaling factor is achieved by our applying Miller's rule [expression (4) ] and indicates that the glass/SiO 2 susceptibility ratio is ϳ1.17 (Appendix B).
The scaled values of sample ͑3͒ ͑3͒ / SiO 2 ͑3͒ for benzene and water found here (Fig. 10 ) are in good correspondence with those measured at different wavelengths and with different approaches. Literature values are plotted with the measurements made here, and error bars are included whenever they are available. Systematic errors in our values are not accounted for in the figure (Tables 1  and 2 ). The close agreement among measurements made with pulse widths ranging from 30 ns to 40 fs supports the understanding of THG as a purely electronic effect, not unduly modulated by the nonlinear index of refraction or short-time-scale solvation processes.
97-100
The microspectroscopy approach 52,54,101 adopted here relies on tightly focused ϳ100 fs pulse-width, ϳ1 nJ laser pulses to sample ϳ50 m 3 volumes of solution. It can be performed with exactly the same pulse shape, [102] [103] [104] energy, and duration used in laser scanning nonlinear imaging. Previous spectroscopic studies based on the Maker fringe technique relied on softly focused ϳ1 mJ laser pulses, 10 ns or longer, to sample much larger volumes. 39, 53, 66, 105 Whereas the Maker fringe technique yields third-harmonic phase information, which is discarded in the present technique, both approaches appear to have similar experimental errors.
We also compare the various semiempirical rules for calculating ͑3͒ ͑3͒ values [expressions (4)- (6)] with those found here and in the literature for the cases of benzene and water (Fig. 10) . These formulations are not expected to perform well in solutions or near resonance. However, Wang's rule 60 [expression (5) ] and, to a lesser extent, Boling's rule 59, 62 [expression (6) ] predict the relatively flat spectrum of benzene [ Fig.10(A) ], which may indicate a broader utility for use with nonresonant solutions.
A. Nonlinear Spectra
Comparisons between linear and nonlinear spectra show common features and demonstrate one-, two-, and threephoton resonances in THG spectra that correspond to linear absorption features at the fundamental, second, and third harmonics of the excitation beam as well as twophoton absorption resonances. We find evidence of a onephoton resonance in the 66 and the 1.9 m measurement used ϳ30 ns pulses and a triple-wedge technique. 53, 67 Linear absorption measurements in benzene are piecewise composed from measurements over wavelengths of 0.78 to 1.25 m 70 and 1.33 and 1.8 m. 71 Linear absorption values for the Duran glass are based on transmission measurements and are corrected to account for reflection using the Fresnel equations [Eq. (15) ]. (B) Water: the THG measurement at 780 nm used 100 fs pulses and a variant of the Maker fringe approach, 16 those at 1.25 and 1.5 m used 40 to 130 fs pulses and an experimental protocol similar to that used here, 52, 54 and the measurement at 1.06 m used 13 ns pulses and a Maker fringe technique. 66 Linear absorption measurements are due to Segelstein. 69 spectra are identified by comparison with two-photonexcited fluorescence cross-section spectra [Figs. 6͑AЈ͒ and 6͑BЈ͒] and confirm that THG may be used as a probe of two-photon excited states that are not accessible with linear absorption measurements. 87 The degree of modulation in ͑3͒ ͑3͒ associated with a resonant enhancement varies dramatically between compounds. For example, Fura-2 shows a greater than 20-fold increase in ͑3͒ ͑3͒ associated with a 10-to-10 2 -times increase in its two-photon action cross section, whereas Rhodamine B shows an ϳ3-fold increase in ͑3͒ ͑3͒ associated with an ϳ10 2 -fold increase in the two-photon cross section (Fig. 6Ј) . These differences follow, in part, from the variable contribution of nonresonant terms to the susceptibility [Eq. (2) ͑3͒ in the susceptibility spectrum is most appreciable for compounds such as oxyhemoglobin and Fura-2, where the nonresonant value is relatively low.
B. Potential Application to Imaging
The ratio of THG powers, R THG ͑͒, represents image luminosity as collected in a THG microscope. R THG ͑͒ is not directly proportional to the nonlinear susceptibility [Eq. (18) ]; as a result, resonance enhancements may appear as an increase or a decrease in THG luminosity [Figs. 5(A), 5 ͑AЈ͒, and 6)]. Nonetheless, R THG ͑͒ spectra can be used to distinguish different solutions. We also find that at physiological concentrations ͑ϳ2 mM͒, hemoglobin solutions consisting of 98% (v/v) oxyhemoglobin, 60% (v/v) carboxyhemoglobin and 40% (v/v) oxyhemoglobin (corresponding with heavy smoke inhalation), or 90% (v/v) deoxyhemoglobin show significant differences in their R THG ͑͒ spectra when averaged over 20 nm spectral bands (Fig. 9) .
Additional factors are needed to enhance the signal-tonoise ratio before THG can be used to determine the oxidation state of hemoglobin in flowing red blood cells. Possibly, THG from red blood cells may provide a higher contrast than the hemoglobin solution/glass interface, 91, 106 though such measurements would require a tight focus so as to minimize the orientation effects of the cell. It is also possible that successive single-power measurements might be more useful for discriminating between oxidation states. Acquisition of repeated measurements at the same power has the advantage allowing rapid comparisons across cells while surrendering the potential to extract accurate absolute values for the thirdorder susceptibility. Finally, the ability to distinguish among oxidation states of hemoglobin in red blood cells depends only on the ratio of THG at different excitation wavelengths and does not require corrections for linear absorption and refraction of the incident and THG light.
The two-photon absorption resonance in the THG spectrum of hemoglobin [Figs. 8͑AЈ͒, 8͑BЈ͒, and 8͑CЈ͒] does not lead to a significantly larger value for the nonlinear susceptibility than the value found for BSA [ Fig. 6͑CЈ͒ ]. This suggests that damage induced under nonlinear excitation will not be preferentially driven in either compound. In capillaries, whose ϳ5 m diameter is of the order of two confocal parameters, the observed two-photon resonance implies that 820 nm is an optical wavelength for the visualization of flowing red blood cells against fluorescently labeled plasma. 107, 108 Conversely, irradiating a sample at 880 nm may be best to minimize photodamage to hemoglobin.
The large two-photon resonance in the Rhodamine B and Fura-2 indicates that common fluorescent dyes used for two-photon microscopy may have a latent information channel available in THG. In all cases the THG channel will preferentially probe dyes in the vicinity of interfaces, effectively creating a complementary contrast mechanism.
APPENDIX A
We discuss the derivation and application of the phenomenological formulas used to calculate the refractive indices of silicone dioxide, Duran 8340 glass, benzene, water, and solutions of Rhodamine B, Fura-2, BSA, and hemoglobin.
SiO 2 and Duran Glass
The dispersion of SiO 2 is fit by a well-known formula, 109 whereas that for Duran 8340 glass is approximated by this dispersion equation to fit reported index values in the visible range. 110 We have
where the common parameters are n 1 = 0.897479, 1 = 3145.816 nm, n 2 = 0.4079426, and 2 = 340.9419 nm. For SiO 2 , n 3 = 0.6961663 and 3 = 261.5422 nm; for Duran glass, n 4 = 0.7376285665 and 4 = 279.6276303 nm.
Benzene
Significant differences in the value of ⌬ arise when one compares refractive index models for benzene constructed in the visible wavelength 32, 72 [ Fig. 2(A) ]. Comparison of the model calculation with existing refractive index measurements does not allow for a clear choice between models. 111 We use the average index of the two models. The first is 
Water
Models of the refractive index, n͑͒ of water, as in the case of benzene, exhibit significant divergence at wavelengths in the ultraviolet part of the spectrum. 32, 112 Our choice of models 90 is dictated by favorable comparison with reported measurements across the full range of wavelengths, 250 to 750 nm. We use 
͑A4͒
where S is salinity in parts per thousand, T is temperature in Celsius, is in nanometers, and the parameter values are n 0 = 1.31405, n 1 = 1.779ϫ 10 −4 , n 2 = −1.05ϫ 10 −6 , n 3 = 1.60ϫ 10 −6 , n 4 = 2.02ϫ 10 −6 , n 5 = 15.868, n 6 = 1.155 ϫ 10 −2 , n 7 = −4.23ϫ 10 −2 , n 8 = 66.20, and n 9 = 103.681.
Dye Solutions
We approximate the wavelength dependence of the index of the dye solutions by scaling the dispersion curve of saltwater 90 [Eq. (A4)] to match an existing measurement 113 of the concentration-dependent index increment, dn͑͒ /dc, of Rhodamine B solutions at a wavelength of 780 nm. This gives an effective salinity of 2% (v/v) ͑S =20͒ for 1 mM solutions of Rhodamine B; the same index increment was used for a 0.5 mM solution of Fura-2.
Bovine Serum Albumin
We use existing measurements of dn͑͒ /dc at various wavelengths [114] [115] [116] (see Table 3 where is in nanometers.
Hemoglobin
We estimate the dispersion of oxyhemoglobin solutions with a Taylor expansion of the Kramers-Kronig integral that relates the real and imaginary components of the complex refractive index 89 The results of this approach are then scaled and provided with a linear offset to fit existing measurements of dn͑͒ /dc in oxyhemoglobin over the 450-800 nm wavelength range 88, 89 [ Table 4 ; Fig. 7 also indicates that the value of ͑3͒ ͑3͒ for either glass will smoothly decrease by about 10% over the same range of wavelengths. This has been generally supported by measurements in fused SiO 2 and borosilicate glass at wavelengths ranging from 1.064 to 2.1 m, which show a less than 20% change (with 7% to 15% variation) in the value ͑3͒ ͑3͒ for a given glass. 59, 65 
